We examined how wide ranges in levels of risk factors for cerebrovascular disease are associated with thickness of the human cerebral cortex in 115 individuals ages 43-83 with no cerebrovascular or neurologic history. Cerebrovascular risk factors included blood pressure, cholesterol, body mass index, creatinine, and diabetes-related factors. Variables were submitted into a principal components analysis that confirmed four orthogonal factors (blood pressure, cholesterol, cholesterol/metabolic and glucose). T1-weighted MRI was used to create models of the cortex for calculation of regional cortical thickness. Increasing blood pressure factor scores were associated with numerous regions of reduced thickness. Increasing glucose scores were modestly associated with areas of regionally decreased thickness. Increasing cholesterol scores, in contrast, were associated with thicker cortex across the whole brain. All findings were primarily independent of age. These results provide evidence that normal and moderately abnormal levels of parameters used to assess cerebrovascular health may impact brain structure, even in the absence of cerebrovascular disease. Our data have important implications for the clinical management of vascular health, as well as for what is currently conceptualized as "normal aging" as they suggest that subclinical levels of risk may impact cortical gray matter before a disease process is evident.
Introduction
Alterations to brain structure are well documented in individuals who are at risk for cerebrovascular disease (CVD) and several studies have reported morphological changes in association with clinical conditions such as hypertension, high cholesterol and diabetes (Raz and Rodrigue, 2006) . For example, widespread gray matter atrophy has been documented in conjunction with high blood pressure (BP) (den Heijer et al., 2003) , high cholesterol (Kin et al., 2007) , and abnormally-regulated glucose levels (Enzinger et al., 2005; Jongen et al., 2007; Tiehuis et al., 2008) , as well as in individuals with multiple CVD risk factors (Chen et al., 2006; Schmidt et al., 2004) . In fact, the mere possession of one or more risk factors can increase the risk of atrophy substantially (Meyer et al., 2000) , and many reports have documented structural alterations in the context of high levels of "vascular risk," a composite score that encompasses variables such as BP, cholesterol, and body mass index (BMI) (Delano-Wood et al., 2010; Seshadri et al., 2004) . In studies of middle aged and older adults, the concept of CVD risk is more common especially since their prevalence increases almost threefold for each decade of life (Brookmeyer et al., 2007) . Moreover, these disorders are vastly underrepresented in the current literature on the aging brain (Fitzpatrick et al., 2004) . Diseases affecting the vascular system, such as hypertension and high cholesterol, are risk factors for the development of cognitive decline and dementia such as Alzheimer's disease (Kivipelto et al., 2002) , and it is becoming more and more clear that even subclinical levels of some risk factors can result in alterations to brain tissue integrity (Kennedy and Raz, 2009; Leritz et al., 2010) .
While the fact that composite measures of CVD risk have a global impact on brain gray matter is widely accepted, there is also an increasing amount of evidence that individual factors have a regionallyspecific impact, and that tissue within the frontal lobes may be most vulnerable to effects of poor cerebrovascular health. Hypertension, for example, has been connected to changes in frontal and prefrontal gray matter (Raz et al., 2003) , as well as in more posterior brain regions (Raz et al., 2007b) . Raz et al. (2007b) reported that high BP is associated with reduced prefrontal cortex volume, but also to smaller hippocampal volume (Raz et al., 2007b) , and other studies have reported temporal lobe atrophy (den Heijer et al., 2005; Korf et al., 2005) . Our recent work demonstrated that higher BP, including values that would clinically be considered in the "normal" range, were related with alterations to tissue in the anterior corpus callosum, as well as on a more global level (Leritz et al., 2010) . Diabetes, a condition with abnormally regulated glucose levels, has also been tied to damage in anterior brain regions (Kumar et al., 2008) . However, Korf et al. (2007) found that diabetes, but not hypertension, was associated with medial temporal lobe atrophy (Korf et al., 2007) , and other studies have reported reduced hippocampal volumes in individuals with diabetes (Musen et al., 2006) . To date, few studies have specifically examined the impact of cholesterol alone on brain structure, but when a measure of cholesterol was included in a category of "vascular risk," this overall score was associated with frontal lobe brain changes (Enzinger et al., 2005) . In fact, many studies that utilize a composite "vascular risk" score report global brain effects, as well as more localized findings in the frontal and prefrontal cortex (Delano-Wood et al., 2010) . Given this variability across studies, it seems possible that tissue within the frontal lobes may be uniquely vulnerable. However, the effects of CVD have been reported throughout the brain, and the "anterior" or "posterior" construct does not seem to be a particularly useful designation in this regard.
Despite the large literature on how CVD impacts brain structure, several questions remain about more subtle associations between vascular and neural health. For example, it is unknown how subclinical levels of vascular parameters may affect neural tissue, and it is also unknown whether there are regional patterns of structural alteration associated with different risk factors. In the present study we examined how varying levels of several physiological factors associated with CVD risk impact brain structure in a sample of middle aged and older aged adults. Physiologic variables included measures of BP (systolic and diastolic while sitting and standing), cholesterol (low density lipoprotein (LDL), high density lipoprotein (HDL), triglycerides, and total cholesterol) and glucose (including glucose and hemoglobin A1C (HA1C) levels), as well as two other parameters of physiologic and metabolic health: creatinine, which is associated with kidney function, and BMI, an indicator of overall health. Higher BMI has been associated with reduced brain volume in older adults (Raji et al., 2010) , as has poorer kidney function (Ikram et al., 2008) . To reduce the number of variables included in analyses, we first conducted a factor analysis on the 12 physiological variables. This technique also allowed us to examine the independent effects of levels of risk factors that covary together, as opposed to developing composite scores of variables created with less empirical guidance. Statistical maps were then generated, demonstrating the association between individual factor scores representing domains of risk (BP, cholesterol, and glucose) and thickness across the entire cortical mantle. Cortical thickness provides a metric of gray matter integrity and has been utilized to examine a range of conditions including multiple sclerosis, schizophrenia, dementia, and nondemented aging Goldman et al., 2009; Preul et al., 2005; Sailer et al., 2003; Salat et al., 2004) . Advanced procedures for measurement of cortical thickness allow for a pointby-point measurement across the cortical mantle at a spatial scale of approximately one millimeter and spatial normalization methods that result in precise matching of homologous regions across individuals which has been validated against cytoarchitecture (Fischl et al., 2008 . Procedures for cortical thickness have also been histologically validated (Rosas et al., 2002) and demonstrate important clinical utility (Desikan et al., 2009 ). To date, there are no studies examining how CVD risk factors relate to this aspect of brain structure. We examined these associations across a wide range of risk indexed quantitatively (from healthy to moderate and severe risk), as opposed to grouping individuals dichotomously by the presence or absence of risk.
We hypothesized that each physiological parameter would be associated with different patterns of cortical thickness. More specifically, we expected to find anterior (i.e., frontal) and posterior (i.e., temporal) reductions in thickness for the BP factor, based on the preponderance of evidence of alterations to these regions in association with hypertension. We expected to find more posterior (i.e., temporal) thickness reductions in association with the Glucose factor given recent evidence that diabetes may target these brain regions. Due to the fact that there are few studies to date examining the impact of cholesterol on the brain, our predictions with these factors were less clear. However, given the relationship of cholesterol to vascular risk, we expected that they would be most closely associated with reduced cortical thickness in anterior brain regions. Finally, given the fact that our sample represents a healthy group of community-dwelling older adults with normative ranges of CVD risk, we also expected that our results would provide important information regarding how brain structure is influenced by normal variation in systemic physiology, a common component of the aging process.
Materials and methods

Participants
One hundred-fifteen participants (70 F/45 M) agreeing to undergo structural MRI participated in this study. These participants were recruited from two separate but overlapping studies examining how common cerebrovascular risk factors impact brain structure and cognition. Thirty-four participants were selected (based on their agreement to undergo structural MRI) from a larger sample recruited by the Harvard Cooperative Program on Aging (HCPA) Claude Pepper Older American Independence Center. Participants in this program were recruited from the community in response to an advertisement asking for healthy community-dwelling older African Americans. Eighty-one participants were recruited through the Understanding Cardiovascular and Alzheimer's Risk in the Elderly (UCARE) program, a study investigating how cerebrovascular risk impacts brain structure and cognition. Participants in this study were recruited through the Boston University Alzheimer's Disease Center (BUADC) based on the initial criteria of being neurologically healthy and having a first-degree family relative with dementia. Inclusion criteria for both studies included age of 40-85. Participants were excluded for the following reasons: a history of head trauma of "mild" severity or greater according to the criteria of Fortuny et al. (1980) (e.g., loss of consciousness for greater than 10 min), any history of more than one head injury (due to possible cumulative neuropathological effects), diagnosis of any form of dementia (i.e., Parkinson's disease, Alzheimer's disease, vascular dementia), any severe psychiatric illness, or history of brain surgery. All participants were literate with at least a 6th grade education. Ninety-two of the participants were right-handed. Mini-mental state examination (MMSE) scores ranged from 23 to 30. These scores are in a range outside of a dementia diagnosis, according to normative data for the two racial groups (Caucasian, African American) in this sample (Bohnstedt et al., 1994) . It is worth further note that only two people had MMSE scores of 23, and only four had scores of 24. Thus, it is likely that this small number of individuals with lower scores did not impact overall results or interpretation of the data.
MRI image acquisition
Two whole-brain high-resolution T1-weighted MPRAGE scans were collected and averaged for each participant (T1 = 1000 ms, TR = 2.73 s, TE = 3.31 ms, flip angle = 7 o , slice thickness = 1.3 mm, 128 slices, FOV = 256 × 256 mm) to create a single image volume with high contrast-to-noise. These scans have been empirically optimized for high contrast between gray and white matter, as well as gray matter and cerebrospinal fluid (CSF) for optimal structural and surface segmentation. Total imaging time was approximately 20 min.
Image analysis
Cortical thickness measurements were obtained by first conducting cortical reconstruction using the FreeSurfer image analysis suite, which is documented and freely available for download online (http://surfer. nmr.mgh.harvard.edu/). The technical details of these procedures are described in prior publications (Brands et al., 2006; Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2001 Fischl et al., , 2002 Fischl et al., , 2004a Fischl et al., ,b, 1999a . Briefly, this processing first involves motion correction and averaging of the two volumetric T1-weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004) , automated Talairach transformation, intensity normalization (Sled et al., 1998) , tessellation of the gray matter white matter boundary, automated topology correction (Fischl et al., 2001; Segonne et al., 2007) , and surface deformation following intensity gradients to optimally place the gray/white and gray/CSF borders at the location where the greatest shift in intensity defines the transition to the other tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000) . Once the cortical models are complete, a number of deformable procedures can be performed for further data processing and analysis including surface inflation (Fischl et al., 1999a) , registration to a spherical atlas which utilizes individual cortical folding patterns to match cortical geometry across subjects (Fischl et al., 1999b) , and creation of a variety of surface based data including maps of curvature and sulcal depth. This method uses both intensity and continuity information from the entire three dimensional MR volume in segmentation and deformation procedures to produce representations of cortical thickness, calculated as the closest distance from the gray/ white boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and Dale, 2000) . The maps are created using spatial intensity gradients across tissue classes and are therefore not simply reliant on absolute signal intensity.
Thickness measurements were mapped on the "inflated" surface of each participant's reconstructed brain (Dale et al., 1999; Fischl et al., 1999a) . This procedure allows visualization of data across the entire cortical surface (i.e., both the gyri and sulci) without interference from cortical folding (see Salat et al., 2004 for an example). Maps were smoothed using a circularly symmetric Gaussian kernel across the surface with a standard deviation of 20 mm and averaged across participants using a non-rigid high-dimensional spherical averaging method to align cortical folding patterns (Fischl et al., 1999a) . This procedure provides accurate matching of morphologically homologous cortical locations among participants on the basis of each individual's anatomy while minimizing metric distortion, resulting in a mean measure of cortical thickness at each point on the reconstructed surface. Statistical comparisons of global data and surface maps were generated by computing a general linear model of the effects of each physiological factor (BP, Cholesterol, Cholesterol/ metabolic and Glucose) on thickness at each vertex in the cortical mantle. Maps were created using statistical thresholds of p = 0.05 and p = 0.01 and were smoothed to a full width half maximum (FWHM) level of 20.
Procedures for the measurement of cortical thickness have been validated against histological analysis (Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat et al., 2004) . In addition, FreeSurfer morphometric procedures have demonstrated good testretest reliability across scanner manufacturers and across field strengths (Han et al., 2006) and across various sequence parameters (Jovicich et al., 2009; Wonderlick et al., 2009 ).
Clusterwise correction for multiple comparisons
Multiple comparison correction was performed using a clusterwise procedure described previously (Hagler et al., 2006) and adapted for cortical surface analysis. This procedure, which is available as part of the FreeSurfer processing stream, is a method that utilizes a simulation to get a measure of the distribution of the maximum cluster size under the null hypothesis. Briefly, a z-map is synthesized and smoothed using a residual FWHM, and then thresholded at a given level. Areas of maximum clusters are then recorded, under these specifications, and the procedure is repeated for a given number of iterations. Only clustered vertices are retained and the assumption is that false positive vertices (i.e., vertices in which a significant relationship between the factor score and thickness is due only to chance) would not appear next to each other. Once the distributions of the maximum cluster size are obtained, correction for multiple comparisons is performed by finding clusters in the statistical maps using the same threshold as was given in the simulation procedure. For each cluster, the p value is the probability of seeing a maximum cluster of that size, or larger, during the simulation. Clusters remaining in similar areas of significance to the original cortical thickness maps would indicate that the result is not likely due to chance. For these analyses, a total of 5000 iterations of simulation were performed for each comparison, using a threshold of p = 0.05 and a FWHM of 20. The simulation cluster analysis was run for thickness analyses with all four physiological factor scores.
Cerebrovascular risk assessment
Following informed consent, fasting blood was drawn and processed for analysis of serum levels of CVD risk including cholesterol, fasting glucose and creatinine. The following cholesterol parameters were used: total cholesterol, LDL, HDL and triglycerides. Current clinical convention considers total cholesterol of less than 200 mg/dL to be "normal," while 200-239 mg/dL is "mildly elevated," and total cholesterol levels of 240 or greater to be "severely elevated." In our sample, total cholesterol levels ranged from 103 to 310 mg/dL. By these standards, 38 (33%) individuals would be considered to have mildly high cholesterol, while only 20 (17%) would be considered to have cholesterol levels in the severe range. Thus, 57 (50%) would be considered to be in the normal and mild range with regard to cholesterol.
Fasting glucose levels under 100 mg are considered "normal," levels between 100 and 125 are considered "mild" and anything over 126 mg is considered to be indicative of potential diabetes (American Diabetes Association, 2009). Glucose levels ranged from 54 to 148 mg in the current sample. Twenty-seven (23%) participants would be considered to have "mildly" elevated glucose levels, while eight (7%) would be considered "diabetic" according to clinical standards. Thus, 70% of all participants would be considered to have normal to mildly high glucose levels. In addition to glucose levels, we also obtained a measure of glycosylated hemoglobin HA1C on each participant. Hemoglobin A1C is a form of hemoglobin that can estimate the average plasma glucose concentration over a period of 4-12 weeks. Thus, it is an indicator of how regulated glucose levels have been, and it is particularly useful in evaluating patients with diabetes. HA1C ranges from 4 to 14; levels of 7 and above are indicative of poorly controlled blood sugar, and potentially greater cerebrovascular risk (American Diabetes Association, 2009). In our sample, eight individuals (7%) had HA1C levels over 7, indicating poorly controlled sugar levels in the months preceding evaluation. Thus, the majority of our sample had appropriately regulated glucose at the time of the assessment.
Systolic and diastolic BP were recorded in a seated position after 5 min of rest with the arm at rest at the level of the heart using a standard sphygmomanometer. A second measurement was obtained 5 min later and the average of two values was recorded. This same procedure was then repeated in standing position, yielding a total of four BP measurements: seated systolic and diastolic, as well as standing systolic and diastolic. BP was always measured by the study physician (JLR). Current convention considers a systolic BP of 120-139 as indicative of "mild" or "pre" hypertension, a systolic BP of 140-159 to be "Stage 1" hypertension, and a systolic BP of 160 or greater to be indicative of "Stage 2" (severe) hypertension (American Heart Association, 2009). In our sample, forty-six (40%) of individuals would be classified as having "pre-hypertension" under these guidelines. Thirty-two (28%) would be classified as "Stage 1," and nine (8%) would be classified as "Stage 2." Thus, twenty-eight (24%) would be considered to have normal-mild BP readings.
Creatinine is a product of muscle creatine phosphate and is primarily filtered by the kidneys. In the present study, it was used as an additional plasma indicator of renal function, which can provide information regarding overall metabolic function. Levels range from 0.5 to 1.0 mg/dL in women and 0.7 to 1.2 mg/dL men; levels outside of this range indicate potential kidney dysfunction, a risk factor for cerebrovascular disease. In the current sample, creatinine levels ranged from 0.5 to 2.1. Twenty-two (20%) of the current sample had levels outside of normal range.
BMI is a metric that is considered to be an indication of overall metabolic function by quantifying the relationship between height and weight. For each individual in the study, the following BMI formula was used: (weight (lbs) / height (in.)
2 ) × 703. A BMI of 25 or greater is indicative of "overweight," and a BMI of 30 or greater is indicative of "obesity (American Heart Association, 2009)." In the current sample, BMIs ranged from 18 to 41. Forty-one (36%) would be classified as "overweight," and 32 (28%) would be classified as obese.
Medication usage
Fifty-six (49%) individuals in our sample were taking BP medications (such as beta blockers, ace inhibitors, or calcium channel blockers), 38 (33%) individuals reported taking lipid lowering medication, and 11 (1%) were on medication to regulate glucose levels. Because of the significant number of individuals taking such medications, we conducted secondary regions of interest (ROI) analyses to determine the impact that medication may have on the relationship between CVD risk and cortical thickness; those individuals taking medication are also represented as such in each of the presented scatterplots.
Results
Demographic and raw physiologic data for all participants are presented in Table 1 . MMSE data were not available for nine participants due to the fact that these data were not collected.
Global thickness measures
Mean global thickness was 2.04 mm (SD = 0.11; Range= 1.73-2.35) for the left hemisphere and was 2.03 mm (SD = 0.19; Range = 1.72-2.37) for the right hemisphere. The relationship of global to thickness to age was examined using bivariate correlations; these analyses revealed that age was not significantly associated with global thickness in either hemisphere (Left: r = −0.156, p N 0.05; Right: r = −0.154, p N 0.05).
Factor analysis of physiologic data
Raw scores from the 12 physiological measures (systolic seated BP, systolic standing BP, diastolic seated BP, diastolic standing BP, total cholesterol, LDL, HDL, triglycerides, BMI, creatinine, glucose, and hemoglobin A1C) were submitted to a principal components factor analysis in order to reduce the number of dependent variables and to derive empirical factors representing broad physiological domains (Bryant and Yarnold, 1995) . Because high levels of HDL cholesterol are considered to be healthier than lower levels, this particular measure was inverted prior to entry into the factor analysis in order to be consistent with all other variables in the analysis. Thus for all other variables prior to entry into the principal components analysis, lower levels within normal range are considered healthier with regard to risk for CVD. Varimax rotation was used and the minimum eigenvalue for extraction was set at one. Loadings from the rotated solution are presented in Table 2 . This analysis revealed a set of four orthogonal and empirically coherent factors containing separate aspects of physiology and cerebrovascular risk. The four factors explained a total of 72 % of the variance. The first factor extracted was called "Blood Pressure," and explained 26% of the variance, with high loadings from all four BP measures. The second factor was called "Cholesterol," explaining 18% of the variance with high loadings from total cholesterol and LDL cholesterol levels. The third factor was called "Cholesterol/Metabolic," explaining 14% of the variance, with loadings from cholesterol variables (triglycerides and HDL), as well as metabolic variables (creatinine and BMI). The fourth and final factor was called "Glucose," explaining 13% of the variance with loadings from hemoglobin A1C and glucose. It is important to note that the factor analysis procedure utilized resulted in four statistically independent factors, and thus, examining the relationship of each to cortical thickness likely accurately estimates the specific association that each factor (BP, Cholesterol, Cholesterol/Metabolic, Glucose) individually has on brain structure. The mean BP factor score was 6.0 ×10 −7 (SD: 0.99, range: −2.7 to 2.3), the mean Cholesterol factor score was 9.0 ×10 −8 (SD: 1.0, range: −2.4 to 2.3), the mean Cholesterol/Metabolic factor score was 9.0 ×10 −8
(SD: 0.99, range: −1.9 to 4.1), and the mean Glucose factor score was 2.0 ×10 −7 (SD: 1.00, range: −1.4 to 4.3). In order to convey the meaningfulness of factor scores, the distribution of the highest loading variables for each factor were compared with the actual distribution of factor scores. Table 3 depicts these distributions and their corresponding clinical classifications. The relationship between age and factor scores was examined using bivariate correlations. Age was only significantly associated with the cholesterol factor (r = 0.23, p b 0.05) such that higher age was associated with higher factor score (and thus higher cholesterol). This is not unexpected, given the fact that the risk for high cholesterol increases with age. Similarly, there was a trend for an association between age and the Cholesterol/Metabolic factor (r = 0.170, p = 0.07). However, age was not significantly related to the BP factor (r = 0.008, p N 0.05), or to the glucose factor (r = 0.002, p N 0.05).
Maps of the relationship of cortical thickness to physiological factor scores Fig. 1 presents maps of the relationship between factor score and cortical thickness for all factors (BP, Cholesterol, Cholesterol/Metabolic, and Glucose). Age was included as a covariate in the analyses with the cholesterol factors because of its significant association with this variable. However, due to the fact that age was not significantly related to global thickness, or to any of the other factors, it was not included as a covariate in analyses with the BP or Glucose factors.
Blood pressure factor
Higher BP factor score was associated with thinner cortex in several brain regions. Greatest statistical significance was found in bilateral superior temporal regions, bilateral supramarginal regions, bilateral middle and superior frontal regions, as well as in portions of the frontal cortex (middle frontal) and occipital cortex (pericalcarine). Fig. 1a demonstrates the relationship between the BP factor and thickness for these three regions.
Cholesterol factor
Higher Cholesterol factor score was associated with globally increased thickness across the majority of the cortical mantle. Although significance was widespread, the greatest areas of significance (p b 0.001) included bilateral middle temporal regions, bilateral superior parietal and cuneus regions, bilateral pre-and post-central regions, bilateral superior, inferior and middle frontal, and bilateral precuenus. In each region, higher factor scores (and thus increased levels of "bad" cholesterol), were associated with greater cortical thickness. Of note, there were minimal differences in maps generated with and without age as a covariate, indicating that despite the correlation with the Cholesterol factor, age likely had a minimal effect on the statistical relationship between cholesterol and cortical thickness (Fig. 1b) .
Cholesterol/Metabolic factor
There was little significance associated with the Cholesterol/ metabolic factor. There were a few significant regions with a positive correlation such that higher factors scores were associated with increased cortical thickness in bilateral middle frontal and right middle temporal regions. There were also small regions showing a negative relationship such that higher factor scores were associated with decreased thickness; this was true for the left parietal region. Similar to observations for the Cholesterol factor, maps also did not differ when analyses were conducted with and without age as a covariate (Fig. 1c) .
Glucose factor
The Glucose factor was also only modestly associated with thickness across the cortical mantle. Higher factor scores and thus higher levels of glucose and hemoglobin A1C were associated with reduced areas of thickness in the left anterior cingulate region, as well as small areas of significance in bilateral occipital regions (Fig. 1d ). There were several outliers in this analysis, although, results remained the same even when excluding these extreme values.
Results of clusterwise correction for multiple comparisons
The clusterwise analysis revealed large areas of significance that remained after multiple comparison correction for the BP and Cholesterol factors. These areas were consistent with what was observed during the initial analyses ( Fig. 1a and b) . The simulation analysis of the Cholesterol/Metabolic and Glucose factors, however, did not reveal substantial effects. this suggests that the relationship with cortical thickness is not as robust for these measures, which may in part be due to the fact that they do not account for as much of the variance in the overall factor analysis.
Regional measures and region of interest analyses
Further analyses examining the relationship between factors and cortical thickness were conducted using regions of interest (ROIs). These regions were used in follow-up analyses examining the impact that medication use (i.e., pharmacologic treatment to regulate BP, cholesterol and glucose-related disorders such as diabetes) had on the associations with brain structure, as well as to examine how individual variables comprising factor scores relate to thickness. For the BP and Cholesterol factors, bilateral ROIs were selected based on cortical thickness significance maps, displayed in Fig. 1a-d ; selected ROIs are shown in Fig. 2 . The ROIs were derived by selecting areas of high significance; these areas were also validated in the simulation cluster analysis. ROIs were additionally constrained to be either gyral or sulcal, depending on the selected region. Four bilaterally significant BP Factor ROIs were chosen: middle temporal, supramarginal, middle frontal, and posterior cingulate. Six bilaterally significant ROIs for the Cholesterol factor were chosen: cingulate, lateral frontal, inferior frontal, middle temporal, and occipital/parietal. Due to the fact that there were only small areas of significance, and to the fact that the Cholesterol/Metabolic factor contains variables that overlap with the Cholesterol factor, ROIs were not derived. However, we did create ROIs for the Glucose factor, which showed small areas of significance. The only bilateral ROI chosen was in the lateral occipital region. Additional ROIs included the anterior cingulate region in the left hemisphere and the medial frontal region in the right hemisphere. Thickness values were averaged across left and right hemispheres for bilateral ROIs to create one value per region; this was done for all three factors.
Effect of medication usage
Standard least squares regression analyses were conducted in order to determine the effect that medication usage had on the relationship between factor score and cortical thickness. The four ROIs from the BP factor, and the six ROIs from the Cholesterol factor were all used as dependent variables in separate analyses. For each analysis, factor score, medication use (a yes/no dichotomous variable) and the interaction term (factor score × medication use) were entered. Tables 4a and 4b presents results of these analyses. For all ROIs, for both the BP factor and the Cholesterol factor, the only variable retained in each model was the main effect of the factor score. Thus, medication use did not appear to have an impact on the relationship between factor score and cortical thickness for BP and Cholesterol in the ROIs measured. Scatterplots of these relationships, for all ROIs, are presented in Fig. 3a and b. As can be seen, participants in the sample who reported taking medication are fairly evenly distributed, which supports the finding that the significant associations with thickness are likely not mediated by pharmacologic intervention.
Formal statistical analyses with medication use were not conducted for the Glucose factor due to the small number of participants on medication for diabetes. However, these individuals are represented separately in scatterplots (Fig. 3c) , demonstrating that they are also fairly evenly distributed across the sample.
Relationship of individual variables to ROIs
A final set of analyses employed bivariate correlations in order to examine the statistical association between the individual variables comprising factor scores for the BP, Cholesterol and Glucose factors, and cortical thickness in selected ROIs. These results are presented in Tables 5a-5c. For both the BP and Cholesterol factors, all individual variables were significantly associated with each ROI, suggesting that the respective factor scores are likely an accurate composite of the various risk components. Importantly, even values in the normal to mild ranges of each factor (less than 0 for the BP factor and less than 0.5 for the Cholesterol factor) were related to ROI thickness, suggesting that these relationships with brain structure may be evident in subclinical ranges. Thus, it can be seen that our examination of quantitative variation in risk factors may in fact provide a more accurate picture of each factor's relationship with brain structure, as opposed to classifying individuals as high (i.e., hypertension, high cholesterol, diabetes) or low risk. In all scatterplots, a dashed line is included to indicate where the cutoff would be for mild disease (i.e., mild hypertension, mild high cholesterol).
For the Glucose factor, hemoglobin A1C was the only variable to correlate significantly with the occipital and cingulate (left hemisphere) ROIs, while glucose was the only variable to significantly relate to the frontal ROI (right hemisphere). This may be a reflection of the fact that the overall Glucose factor was not robustly associated with thickness, but does provide some evidence that diabetes-related variables may be related in some degree to brain structure. Similar to the BP and Cholesterol factors, there appears to be a strong relationship even for those individuals falling in the normal to mild ranges of risk.
Discussion
The relationship of CVD and its associated risk factors to brain structure has been examined extensively using a variety of methods. In the present study, we examined the full quantitative range of physiological factors related to CVD risk. Higher levels of the BP factor were associated with thinner cortical regions, while diabetes-related variables were only modestly related to small areas of reduced thickness. Contrary to our expectations, Cholesterol factor scores were associated with increased cortical thickness across the entire brain. The individual variables comprising BP and Cholesterol factor scores were also robustly associated with regional thickness. These relationships were largely unaffected by the use of medication, or by age. While this cross-sectional study does not allow for inference of causal 
Table 4a
Results of regression analyses with ROIs for the BP factor. relationships between physiological factors and brain structure, it does provide preliminary information regarding the potential underlying mechanisms of age-related cortical changes. Moreover, the fact that these associations were observed even within normal or mild levels is a novel result and has important implications for the understanding of normal aging as well as on risk for cognitive decline and dementia. In addition, our results provided evidence of dissociable neural correlates of CVD risk factors.
Patterns of cortical thickness in relation to CVD factors
The primary finding of this study was that a wide range of levels in several CVD risk variables were correlated with the thickness of cortical gray matter in a group of individuals who are self-reported to be healthy with no significant neurological or cerebrovascular illness. Our sample was also fairly evenly distributed across the range of CVD risk; most individuals fell within the mild to moderate range of risk and very few would be considered high risk or would be given a clinical diagnosis (i.e., of diabetes). Thus, it is unlikely that individuals at the higher end of risk altered results or interpretation of data. Additionally, Fig. 3a-c demonstrates that a large portion of our sample falls in the normal or mild ranges of BP, cholesterol, and glucose (including hemoglobin A1C levels), suggesting that the influence of levels of CVD risk factors on brain structure may be present even in subclinical ranges. Given that conditions such as hypertension and hypercholesterolemia increase dramatically with age, these results imply that normal aging may be greatly influenced by individual variation in levels of risk. By themselves, age and brain structure may not be sufficient to capture the variance associated with morphological change. Prior work examining cortical thinning with aging demonstrated significant effects in selective regions Fig. 3 . Scatterplots of the relationship between factors scores and cortical thickness in ROIs. In each graph, a dotted line has been placed to indicate the clinical cutoff for mild elevations of blood pressure, cholesterol, or glucose, demonstrating the fact that a large portion of our sample falls below this classification. a. Relationship of BP factor scores to thickness in selected ROIs for medicated and non-medicated groups. In all ROIs, there was a main effect of BP factor score, but not of medication use, and there were no significant interactions between BP factor score and medication use. b. Relationship of Cholesterol factor scores to thickness in selected ROIs for medicated and non-medicated groups. In all ROIs, there was a main effect of cholesterol factor score, but not of medication use, and there were no significant interactions between Cholesterol factor score and medication use. c. Relationship of Glucose factor scores to thickness in selected ROIs for medicated and non-medicated groups. Note: formal regression analyses were not conducted with these ROIs.
across the cortical mantle . Several of these areas were also associated with biological parameters to some degree in the present study, supporting the idea that age-related brain structural changes may in part be due to the contribution of other comorbidly varying physiological variables. It will thus become increasingly important to take them into consideration in future work. Our results also provide evidence that there may be emerging regional specificity of these risk-associated variables. BP, indexed by a factor score containing various measurements, was bilaterally related to reduced thickness in the superior temporal, middle and lateral frontal, supramarginal, and medial cingulate regions. The associations with frontal cortex are consistent with predictions as well as with prior reports of BP-related atrophy, primarily indicated through volume reductions in frontal lobe brain regions (Raz et al., 2003 (Raz et al., , 2007b . To our knowledge, however, this is the first study documenting reductions in cortical thickness, and taken together with volume-related findings, it provides strong support for the idea that frontal lobe brain regions are at least one consistent target of elevated BP. Lower thickness in temporal lobe brain regions is consistent with previous studies describing smaller hippocampi and medial temporal lobe atrophy (den Heijer et al., 2005; Korf et al., 2005; Raz et al., 2007a) , and collectively, these results suggest that posterior regions such as the temporal lobe may also be vulnerable to higher BP. Reasons to explain the susceptibility of BP-related atrophy in frontal and temporal brain areas have primarily been vascular in nature. More specifically, it has been suggested that large portions of these regions are supplied by distal blood flow and are thus more vulnerable to poor vascular circulation, resulting in poorly oxygenated tissue that eventually begins to shrink (Havlik et al., 2002; Knopman, 2006; Raz and Rodrigue, 2006; Schmahmann et al., 2008; Skoog, 2005) . Our additional findings in the anterior cingulate and supramarginal regions may also be related to poor vascular flow, and perhaps it is the cortical gray matter that is at high risk under such conditions. We also suggest that the significant finding in the anterior cingulate may be explained in part by its functional relationship with the temporal and frontal lobes. All of these regions are involved in a network of connections that are important for memory functioning (Vertes et al., 2001) , and it is plausible that a breakdown at any point in connectivity may lead to alterations in associated regions. At this point, this idea is speculative, but follow-up studies examining how neuropsychological function, and specifically memory performance, relates to BP-related reductions in cortical thickness will shed light on this hypothesis.
The primary Cholesterol factor was positively associated with thickness across almost the entire cortex. This was unexpected, particularly since volume loss and atrophy have been reported in conjunction with high cholesterol and associated conditions such as atherosclerosis (Kin et al., 2007) . In addition, higher than normal cholesterol levels have been implicated in the development of AD, as well as other neurodegenerative diseases (Kivipelto et al., 2002; Liu et al., 2010) . However, evidence is emerging to suggest that the relationship of serum cholesterol to brain structure is not entirely clear. Solomon et al. (2009) reported that while levels of total cholesterol and LDL were negatively associated with whole brain volume in individuals with no cognitive impairment, they were positively associated with brain volume in patients with AD (Solomon et al., 2009 ). This finding was attributed to the fact that the process of neurodegeneration actually results in lower serum cholesterol levels, due in part to a disruption in the production of brain cholesterol (Solomon et al., 2009) . In effect, the neuropathology of AD acts to reduce one of the potential contributors to the disease itself. Consistent with this idea, a recent paper found cholesterol was significantly lower in patients with multi-system atrophy, a rare neurodegenerative disease (Lee et al., 2009 ). It may be that this process in part explains the results of the current study; that is there may be a bidirectional mechanism between CVD risk (and specifically, cholesterol), such that higher levels in the brain predispose an individual to have higher levels in circulating blood. As such, it would make sense that higher levels of serum cholesterol, which are indirectly related to cholesterol in the brain, would be positively related to brain structure. Although thicker cortex is generally thought to be a positive attribute for neural health, it is presently unclear whether the increased thickness with increasing cholesterol is beneficial in this population. Longitudinal studies will help to clarify this issue.
The fact that significance maps were considerably reduced for the Glucose factor and almost minimal for the Cholesterol/Metabolic factor is likely in part related to the fact that they did not explain much of the variance in the overall factor analysis (14% and 13%, respectively). Results did not survive multiple comparison testing, suggesting that perhaps their components are not as strongly associated with cortical thickness. It is also worth noting that unlike the BP and Cholesterol factors, the individual variables loading on the Glucose factor (which included glucose and HA1C levels) were not significantly associated with each ROI. This implies that this particular factor as a whole may not be as robustly related to thickness, and that 
Table 5a
Bivariate correlations between BP factor ROIs and individual variables comprising factor score. fasting glucose level, a less stable indicator of glucose in the blood, may have a different neural correlate than HA1C, which contains information about glucose levels over a prior 4-12-week period. However, the Glucose factor had a few notable areas of significance in bilateral occipital regions as well as small anterior cingulate (left hemisphere) and prefrontal cortex (right hemisphere) regions. Reduced occipital lobe integrity has in fact been reported in nondemented aging Walhovd et al., 2010) . Wessels et al. (2006) found reduced gray matter density in the right inferior frontal gyrus and right occipital lobe in diabetic patients with retinopathy, inflammatory damage to the retina (Wessels et al., 2006) . Given that we show similar findings, albeit not the same laterality, it may be that a population with more severe evidence of diabetes would demonstrate greater significance. In our sample, only 11 individuals were taking glucose-regulating medication, and the average HA1C level (5.8) was in the normal clinical range, indicating that the majority of individuals appeared to have well-regulated glucose levels. Nonetheless, even in a group with what appears to be only mild diabetes-related symptoms, there is evidence of associations between glucose and brain structure, providing further support for the idea that neural alterations and risk for further damage and cognitive decline may be present even in ranges outside of what is considered to be high risk.
Methodological considerations
It is important to comment on the potential generalizability of our results, given our sample. Individuals with a first-degree family history of dementia are at a slightly higher risk of developing dementia (Huang et al., 2004) , and higher levels of CVD risk factors are known to exist comorbidly in dementia and dementia risk (de la Torre, 2002; Rosano et al., 2007) . In addition, CVD and associated complications are more widespread in African American communities (Singh et al., 1998) . Thus, our sample is somewhat biased in that it could contain higher prevalence of associations between CVD and brain structure. We conceptualize this as a strength, as it has allowed us to examine these relationships in the context of an enriched sample. However, the degree to which our findings generalize to a population without the potential for a higher degree of risk is unknown. The fact that our sample consisted primarily of volunteers also contains a potential bias, as volunteer cohorts are highly selected and therefore may not represent the community at large. Nonetheless, despite these potential biases, we present evidence of dissociable neural correlates of physiology even in mild to moderate ranges of risk level.
A final note relates to potential limitations. First, data on the actual duration of conditions (i.e., number of years individuals have had current levels of blood pressure or glucose) was not available. Duration of risk is a potentially very important variable when assessing impact on brain structure, and our ongoing work is now collecting this critical information. Second, although we were able to accurately assess the independent contribution of each factor through use of factor analysis, this procedure does not necessarily control for interactive effects. Current ongoing studies in larger samples will be needed to assess the complex interactions between factors. Finally, there are inherent limitations associated with cross sectional studies. Although we found significant associations between levels of CVD risk factors and cortical thickness, the present findings do not necessarily allow for causal inferences regarding the directionality of the relationship between CVD risk factors and brain structure. For example, it is certainly possible that brain changes may precede elevation of certain risk factors (Jennings and Zanstra, 2009) , and a bidirectional cycle develops that eventually may result in cognitive decline or dementia. This idea is consistent with what has been proposed to be the relationship between cholesterol and AD (Solomon et al., 2009) , and what potentially is emerging in the current dataset. Longitudinal investigations of how CVD risk factors relate to gray matter over time will provide important clues to the specifics of how one impacts the other, and this work is ongoing in our laboratory. Several studies have provided evidence that medical conditions such as hypertension and diabetes are predictors of alteration to brain structure over time, and that such risk factors may actually accelerate degenerative changes such as atrophy and ventricular enlargement (Enzinger et al., 2005; Meyer et al., 2000) . It is likely that over time the specifics of the relationships between BP, cholesterol, and glucose brain structure will be elucidated.
Conclusions
In summary, we present novel findings of relationships between common physiologic risk factors for CVD and cortical thickness, across a wide range of quantitative risk including minimal/mild, moderate and severe (i.e., likely clinical diagnosis). Importantly, these results are reported in a sample of individuals without any neurologic or cognitive illness, and they provide evidence that the category of normal aging may need to be broadened in future studies of how physiological variables impact brain structure. It is likely that aging is not necessarily a reflection of number of years per se, but is more probably a manifestation of the cumulative effect of physiological variations such as CVD risk (Resnick and Marcantonio, 1997) . Longitudinal studies will be particularly revealing, as it may be that a subset of individuals will continue along a more "normal" aging pathway, while others progress to more serious dementia conditions. Nonetheless, our results stress the importance of considering multiple variables when examining the effects of CVD risk on brain structure in studies of normal aging, as well as in research examining risk for more severe disorders such as Alzheimer's disease or vascular dementia.
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